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1 . INTRODUCTION 
Th is  repo r t  summarizes the research a c t i v i t i e s  accomplished 
d u r i n g  t h e  6 month pe r iod  from 15 March through 14 September 1986. 
i nc ludes  a summary of work performed by personnel o f  E l e c t r o  Magnetic 
App l ica t ions ,  Inc.  (EMA) under t h e i r  subcontract  t o  t h i s  grant. 
It 
2. WORK PERFORMED DURING THE REPORTING PERIOD 
2.1 - I A S  Research 
t h e  f i r s t  order  parameter izat ion scheme f o r  t he  i n t r a c l o u d  l i g h t n i n g  
d ischarge and i t s  incorpora t ion  w i t h i n  t h e  framework o f  t h e  Storm 
E l e c t r i f i c a t i o n  Model (SEM) . Previous ly ,  we es tab l i shed t h e  c r i t e r i a  
f o r  t h e  i n i t i a t i o n ,  terminat ion,  and d i r e c t i o n  o f  propagat ion o f  t h e  
1 i gh tn i  ng channel path. This aspect o f  t h e  parameter izat ion scheme 
was incorporated i n t o  t h e  framework o f  t h e  SEM and t e s t e d  i n  t h e  con- 
t e x t  of t h e  19 Ju l y  1981 CCOPE s imu la t ion ,  w i t h  which we have been 
working. The aspect which remained t o  be d e a l t  w i t h  was t h e  r e d i s t r i -  
b u t i o n  o f  charge, created by the l i g h t n i n g ,  along t h e  s imulated chan- 
n e l  and, f i n a l l y ,  i n t o  t h e  space surrounding t h e  channel. It i s  t h i s  
charge which, when converted i n t o  ions, i n t e r a c t s  w i t h  t h e  o ther  
charges i n  t h e  model and allows us t o  i n v e s t i g a t e  t h e  r e s u l t a n t  
e f f e c t s  o f  l i g h t n i n g  on the  subsequent e l e c t r i c a l  e v o l u t i o n  o f  t h e  
model cloud. 
The work done dur ing  t h i s  per iod  has centered on t h e  complet ion o f  
The charge r e d i s t r i b u t i o n  problem was approached i n  t h e  f o l l o w i n g  
manner. Using ideas from Kasemir (1964, i980), we assume t h a t  t h e  
l i g h t n i n g  channel i s  going t o  be e l e c t r i c a l l y  neu t ra l  over i t s  e n t i r e  
length,  i n d i c a t i n g  t h e  deposi t ion o f  equal amounts o f  p o s i t i v e  and 
negat ive  charge along the  t w o  po r t i ons  o f  t h e  s imulated discharge. I n  
t h e  model, t h i s  charge deposi t ion i s  accomplished by assuming t h a t  t h e  
charge dens i t y  per  u n i t  leng th  along t h e  channel i s  p ropor t i ona l  t o  
t h e  d i f f e r e n c e  between t h e  ambient p o t e n t i a l ,  Q ( i n  Vo l t s ) ,  a t  t h e  
g r i d  p o i n t  i n  quest ion and t h e  p o t e n t i a l ,  +o, a t  t h e  i n i t i a t i o n  p o i n t  
o f  t h e  discharge. Thus 
where Qo i s  t h e  l i n e a r  charge dens i ty  a t  a p o i n t  a long t h e  channel, 
and k i s  a p r o p o r t i o n a l i t y  constant ( f a r a d s h ) .  The negat ive  s ign  
assures t h a t  t he  charge deposited along t h a t  p o r t i o n  o f  t h e  channel 
i s  b a s i c a l l y  opposi te i n  s ign  t o  t h e  ambient net  charge i n  t h a t  g r i d  
volume, s ince t h e  s ign  o f  the p o t e n t i a l  and t h e  charge responsib le  f o r  
t h a t  p o t e n t i a l  are genera l l y  the same. 
The a p p l i c a t i o n  o f  Eq. (1) r e s u l t s  i n  a charge d i s t r i b u t i o n  along 
t h e  channel s i m i l a r  t o  t h a t  shown i n  F ig .  1 between +1.2 and -1.5 km. 
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The two t a i l s  extending beyond these po in ts  w i l l  be expla ined 
subsequently. 
t e rm ina t ion  c r i t e r i o n  fo rces  the channel path t o  s top a t  a s p e c i f i c  
g r i d  p o i n t  (no t  a t  t h e  exact place where t h i s  c r i t e r i o n  i s  j u s t  met), 
charge n e u t r a l i t y  i s  not  guaranteed by t h i s  process. 
overcome t h i s  d i f f i c u l t y ,  we a r b i t r a r i l y  extend t h e  channel path f o u r  
g r i d  p o i n t s  beyond t h e  designated te rm ina t ion  p o i n t  a t  each end. 
f i r s t  i n t e g r a t e  over the  channel path t o  f i n d  t h e  t o t a l  charge depos- 
i t e d  on t h e  sec t ions  of opposite p o l a r i t y .  We then compare these two 
and, a t  t he  end o f  t h e  path segment having t h e  grea tes t  t o t a l  charge 
magnitude, we cause an exponent ia l l y  decreasing amount o f  charge t o  be 
deposi ted over t h e  f o u r  add i t iona l  g r i d  po in ts  us ing  t h e  f o l l o w i n g  
express i on 
Since we are working w i t h  a d i s c r e t e  g r i d  and t h e  
I n  o rder  t o  
We 
where j = n+l,...,n+4, Qn i s  the l i n e a r  charge dens i t y  (C/m) a t  t h e  
t e r m i n a t i o n  p o i n t  of t h a t  segment [as determined by Eq. (l)], A i s  t h e  
g r i d  spacing, and k i s  chosen such t h a t  Qn+4 = Qn/lOOO. 
segment of charge dens i t y  i s  in tegra ted  t o  o b t a i n  t h e  t o t a l  charge 
deposi ted along t h e  segment o f  t h a t  p o l a r i t y .  We then c a l c u l a t e  t h e  
abso lu te  d i f fe rence between the charge r e s i d i n g  on t h e  completed 
segment and t h e  charge res id ing  on t h e  segment o f  opposi te  p o l a r i t y .  
Th i s  d i f ference i s  used as a basis f o r  c a l c u l a t i n g  a charge dens i t y  
decrease over t h e  four g r i d  po ints  a t  t h e  end o f  t h e  remaining 
segment . 
This  new 
As w i t h  t h e  charge ca lcu la t ions  on t h e  i n i t i a l  channel, a 
t rapezo ida l  i n t e g r a t i o n  i s  performed us ing  Eq. ( 2 )  t o  represent t h e  
charge decrease over t h e  fou r  g r i d  po ints .  
(Newton-Raphson) i s  used on the i n t e g r a t i o n  scheme w i th  t h e  exponen- 
t i a l  f a c t o r  k being t h e  unknown quan t i t y .  By vary ing  k, t h e  r a t e  o f  
decrease o f  charge dens i t y  away from t h e  i n i t i a l  endpoint  o f  t h e  seg- 
ment i s  c o n t r o l l e d  and t h e  t o t a l  a d d i t i o n a l  charge d i s t r i b u t e d  o f f  t h e  
end o f  t h e  segment can be se t  so t h a t  t h e  t o t a l  charge o f  t h a t  segment 
j u s t  balances t h e  t o t a l  charge on t h e  o ther  segment. 
dure, t h e  n e u t r a l i t y  o f  t he  discharge channel i s  obta ined over t h e  
d i s c r e t e  g r id .  
An i t e r a t i v e  process 
By t h i s  proce- 
F igu re  1 shows t h e  l i n e a r  charge dens i t y  ca l cu la ted  along t h e  
channel us ing  Eq. (1 )  and a value o f  k = 2.5 x l o - ”  farads/m. The 
o r i g i n a l  channel i s  de l ineated by t h e  2 v e r t i c a l  bars on t h e  hor izon-  
t a l  ax is .  The e f f e c t  of t h e  charge balanc ing procedure i s  ev ident  a t  
t h e  2 t a i l s .  The t o t a l  channel l eng th  i s  nea r l y  4.5 km. For t h i s  
p a r t i c u l a r  discharge (va lue o f  k), t h e  t o t a l  charge t r a n s f e r r e d  i s  
12 C. Th is  may be a b i t  h igh  fo r  an i n t r a c l o u d  discharge, however it 
i s  not  an unreasonable value. 
To t h i s  po in t ,  we have t h e  l i g h t n i n g  discharge represented as a 
pa th  on t h e  d i s c r e t e  g r i d  w i th  a l i n e a r  charge dens i t y  a t  every g r i d  
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p o i n t  along t h e  path. I n  order t o  a l l ow  t h i s  discharge t o  i n t e r a c t  
w i t h  the  o ther  model parameters, we need t o  make some f u r t h e r  mod i f i -  
ca t ions .  The d i s c r e t e  discharge path represents  a l i n e  (1D) source i n  
t h e  2D model. Because of t h e  numerical methods employed i n  t h e  model 
ca l cu la t i ons ,  the sudden appearance o f  a l i n e  source o f  i ons  would 
represent  a shock which t h e  model could not  accommodate. I n  order  t o  
make t h e  channel i o n  product ion t r a c t a b l e  f o r  t h e  model numerics, t h e  
charge must be d i s t r i b u t e d  t o  some o f  t h e  g r i d  p o i n t s  adjacent t o  t h e  
channel path. 
channel path i t s e l f  and one g r id  p o i n t  on each side. We have chosen 
t o  employ a t o t a l  o f  9 g r i d  po ints  ( t h e  path g r i d  p o i n t  p lus  f o u r  on 
each s ide)  t o  represent t h e  charge d i s t r i b u t i o n .  
t i c a l  t o  Eq. (2 )  i s  used t o  specify t h e  decay o f  t h e  magnitude as a 
f u n c t i o n  o f  d is tance away from t h e  channel, again w i t h  Qn+4 = Qn/lOOO. 
For  e i t h e r  a v e r t i c a l  o r  diagonal path o r i e n t a t i o n ,  t h e  charge 
spreading i s  done i n  a hor izon ta l  d i r e c t i o n .  
A minimum o f  three g r i d  p o i n t s  must be invo lved,  t h e  
An expression iden- 
One a d d i t i o n a l  cons iderat ion must be made. The charge dens i t y  
a long t h e  channel i s  expressed i n  terms o f  C/m. 
be converted i n t o  an i o n  densi ty (ions/ms). The l i n e a r  charge den- 
s i t y ,  expressed by Qn, represents t h e  charge dens i t y  through a g r i d  
volume which surrounds the  g r id  p o i n t  and, there fore ,  can be converted 
t o  an equ iva len t  vo lumet r ic  charge densi ty ,  assuming t h a t  t h e  charge 
i s  d i s t r i b u t e d  un i fo rm ly  throughout t h e  g r i d  volume i n  quest ion.  I n  
add i t i on ,  when we undertake t o  d i s t r i b u t e  t h e  l i n e  charge l a t e r a l l y  
away from t h e  discharge path, we would be c r e a t i n g  charge i f  we do no t  
t a k e  steps t o  ma in ta in  charge conservation. However, charge conserva- 
t i o n  can be accomplished dur ing t h e  spreading by adopt ing t h e  
f o l  1 owi ng procedure. 
This  must u l t i m a t e l y  
F igu re  2 i s  a representat ion o f  t he  charge conservat ion concept. 
Qn represents t h e  l i n e a r  charge dens i t y  a t  a p a r t i c u l a r  g r i d  p o i n t  
a long t h e  discharge path. Assuming t h a t  Qn represents  t h e  charge 
d i s t r i b u t i o n  i n  t h e  g r i d  volume AXAYAZ surrounding t h e  g r i d  po in t ,  
then t h e  t o t a l  charge i n  t h e  g r id  volume i s  
where b l  i s  t h e  l eng th  of t h e  discharge path segment f o r  t h a t  g r i d  
volume. Because we are us ing  a two-dimensional model , we must gener- 
a t e  a f i c t i t i o u s  volume w i t h  which t o  work. Although, i n  a s t r i c t  
sense, t h e  adopt ion o f  s lab  symmetry f o r  t h e  2D model i m p l i e s  an i n f i -  
n i t e  extens ion t o  a l l  model features i n  t h e  y - d i r e c t i o n ,  we choose 
here t o  adopt a concept of i n f i n i t y  which encompasses on ly  t h e  range 
of  i n f l uence  o f  t h e  process being considered. Since we are  employing 
a 9 g r i d  p o i n t  spreading procedure i n  t h e  x-di  rec t i on ,  we hypothesize 
a 9 g r i d  p o i n t  spreading i n  t h e  y - d i r e c t i o n  a l s o  t o  comprise t h e  
i n f l u e n c e  volume. I n  Fig.  2, the rec tangu lar  volume a t  t h e  center  
represents  t h e  t o t a l  charge associated w i t h  t h e  g r i d  volume i n  
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quest ion.  The two Gaussian type curves represent t h e  r e d i s t r i b u t i o n  
o f  t h a t  charge over t h e  9x9 rectangular  g r i d  a r r a y  surrounding t h e  
g r i d  p o i n t  where t h e  t o t a l  charge i n  both d i s t r i b u t i o n s  i s  t h e  same. 
The t o t a l  
charge under t h e  two d i s t r i b u t i o n s  i s  equated such t h a t  
Mathemat ica l ly  t h e  procedure i s  developed as fo l l ows .  
which becomes 
which can be separated t o  y i e l d  
Here, Q' i s  t he  magnitude o f  the charge dens i t y  (C/m3) a t  t h e  g r i d  
p o i n t  under cons idera t ion  which w i l l  r e s u l t  i n  t h e  same t o t a l  charge, 
QT, when d i s t r i b u t e d  under the  exponent ia l  d i s t r i b u t i o n  ru le .  
The two i n t e g r a l s  are evaluated us ing 6 p o i n t  Gauss-Legendre 
Quadrature w i t h  kl = k, y i e l d i n g  a f a l l  o f f  t o  1/1000 o f  t he  cen t ra l  
p o i n t  value a t  t h e  4 t h  g r i d  po int  [see d iscuss ion f o l l o w i n g  Eq. (2)] .  
The r e s u l t  o f  t h i s  i n t e g r a t i o n  y i e l d s  a r e l a t i o n s h i p  between Q '  and Qn 
such t h a t  Q '  = Qn/2.909 x 105. Therefore, t h e  l i n e a r  charge dens i t y  
a t  a g r i d  p o i n t  may e a s i l y  be converted t o  a vo lumet r ic  charge dens i ty  
spread out l a t e r a l l y  away f r o m t h e  discharge path i n  a manner i d e n t i -  
c a l  t o  Eq. (2) ,  bu t  wi th  Q'  rep lac ing Qn. F igure  3 shows the  r e s u l t s  
o f  t h e  ho r i zon ta l  spreading o f  t h e  charge d i s t r i b u t i o n  depic ted i n  
F ig .  2. Because o f  t h e  exponential f a l l  o f f ,  most o f  t h e  charge i s  
concentrated nearest  t o  t h e  main channel. The upper p o r t i o n  o f  t h e  
channel conta ins negat ive charge and t h e  lower p o r t i o n  i s  pos i t i ve .  
Th is  process conserves the  o r i g i n a l  t o t a l  charge t rans fe r red  by 
t h e  discharge. Each ca lcu la ted  g r i d  p o i n t  charge dens i t y  must be con- 
ve r ted  t o  an equ iva len t  i o n  density. Th is  i s  accomplished by d i v i d i n g  
each charge magnitude by t h e  e lec t ron i c  charge e = 1.6 x 
C/e lec t ron  assuming t h a t  a l l  the ions  produced a r e  s i n g l y  charged. 
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The ions  r e s u l t i n g  f r o m  t h e  r e d i s t r i b u t i o n  process are  then added 
i n t o  t h e  ambient i o n  f i e l d s  as they  e x i s t  a t  t h a t  p o i n t  i n  t h e  s imula- - 
t i o n .  With t h e  i o n  f i e l d s  modified, a new t o t a l  charge dens i t y  i s  
ca lcu la ted ,  then Poisson's equation i s  employed t o  diagnose a new 
po ten t  i a1 f i e l  d from whi ch the modi f i ed e l  e c t  r i  c f i e l  d components a re  
ca lcu la ted .  
marching i s  resumed. The ions  which were i n j e c t e d  i n t o  t h e  c loud 
a long t h e  discharge path i n t e r a c t  w i t h  t h e  charged hydrometeors i n  
subsequent t ime steps and cont inue t o  modify t h e  charge d i s t r i b u t i o n  
and t h e  r e s u l t i n g  e l e c t  r i  c f i e lds .  
Th is  completes t h e  discharge process and t h e  t ime 
The f i r s t  experiment performed w i t h  t h e  parameter iza t ion  scheme 
used t h e  value o f  k re fe r red  t o  above and resu l ted  i n  a very s t rong 
i n f l u e n c e  on t h e  subsequent e l e c t r i f i c a t i o n .  
decided t o  t r y  a se r ies  of k values t o  see how d i f f e r i n g  amounts o f  
charge t r a n s f e r  a f f e c t e d  t h e  e l e c t r i c a l  behavior. Using 10 values o f  
k ranging from 2.5 x 10-12 (weak charge t r a n s f e r )  t o  2.5 x 10-11 
( s t r o n g  charge t rans fe r )  we found a v a s t l y  d i f f e r e n t  charac ter  t o  t h e  
e l e c t r i c a l  s t r u c t u r e  of t h e  cloud. These r e s u l t s  ranged from a minor 
p e r t u r b a t i o n  f o r  t h e  weak cases t o  a complete dominat ion o f  t h e  charge 
s t r u c t u r e  and e l e c t r i c a l  evo lu t i on  f o r  t h e  s t rongest  cases. 
Because o f  t h i s ,  we 
For  demonstration purposes, some aspects o f  4 o f  t h e  cases have 
been chosen t o  i l l u s t r a t e  these d i f fe rences .  
t h e  numerical l a b e l s  represent t h e  f o l l o w i n g  values o f  k [ i n  Eq. ( l ) ]  
and amounts o f  charge t rans fer red :  
I n  t h e  f o l l o w i n g  graphs, 
1 -> k = 2.5 x 1O-l1, 12 COul 
2 -> k = 2.5 x 10-12, 1.2 COUl  
5 -> k = 1.0 x 10-11, 4.8 COUl  
7 -> k = 1.5 x 10-11, 7.2 C O U l  . 
F i g u r e  4 shows the  v a r i a t i o n  of t h e  maximum snow charge d e n s i t y  (a ) ,  
t h e  maximum negat ive v e r t i c a l  (b) and maximum negat ive  h o r i z o n t a l  
( c )  e l e c t r i c  f i e l d  s t rengths  f o r  a pe r iod  o f  30 seconds f o l l o w i n g  t h e  
t i m e  o f  t h e  s imulated l i g h t n i n g  discharge f o r  each o f  t h e  f o u r  cases 
1 i sted  above. 
The m a j o r i t y  o f  t h e  snow i n  t h e  s imulated c loud i s  charged 
p o s i t i v e l y  as a r e s u l t  o f  r iming e l e c t r i f i c a t i o n .  
charge occurs i n  t h e  reg ion of maximum snow charge d e n s i t y  w i t h  both 
p o s i t i v e  and negat ive ions  being deposi ted amongst t h e  p o s i t i v e l y  
charged snow. The negat ive l i g h t n i n g  ions  are formed i n  t h e  reg ion  o f  
maximal ly charged snow. Figure 4a shows tha t ,  i n  a l l  f o u r  cases, t h e  
negat ive  ions  a t tach  t o  t h e  snow p a r t i c l e s  t o  reduce t h e  maximum 
charge densi ty.  For t h e  weakest case (2 )  t h e  e f f e c t  i s  very  small and 
t h e  e l e c t r i c a l  processes tend t o  r e t u r n  t o  t h e i r  prev ious s tate.  For  
t h e  in te rmed ia te  cases ( 5  and 7)  t h e r e  are s u f f i c i e n t  negat ive  ions  
f o r  t h e  attachment process t o  cont inue t o  erode t h e  charge on t h e  
snow. 
The l i g h t n i n g  d i s -  
For t h e  s t rongest  case (1) t h e  t rend  i s  t h e  same i n i t i a l l y ,  bu t  
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t hen  shows a l a r g e  increase i n  t h e  snow charge. Because t h e  data used 
t o  make up t h i s  p l o t  are t h e  domain maximum values, t h i s  l a r g e  
inc rease represents the  e f f e c t  o f  t h e  attachment o f  p o s i t i v e  ions  from 
t h e  lower p o r t i o n  o f  t h e  channel t o  snow p a r t i c l e s  lower  i n  t h e  cloud. 
Whi le t h e  o r i g i n a l  maximum charge reg ion  has been eroded by the  
negat ive  ions,  a new region o f  p o s i t i v e  maximum has been created. 
F igu re  4b shows t h e  ef fect  o f  t h e  discharge ions  on t h e  maximum 
negat ive  v e r t i c a l  e l e c t r i c  f i e l d  component. The weak and in te rmed ia te  
discharges a l l  e x h i b i t  a tendency t o  reduce t h e  f i e l d  s t rength,  w i t h  
s t ronger  discharges e x h i b i t i n g  t h e  s t ronger  tendency. 
i n t u i t i v e l y  s a t i s f y i n g  because we tend t o  t h i n k  o f  l i g h t n i n g  as a c t i n g  
t o  reduce t h e  e l e c t r i c a l  stress i n  a cloud. For t h e  s t rong case, how- 
ever, t h e  r e s u l t s  are somewhat unexpected. Here t h e r e  i s  an i n i t i a l  
inc rease i n  t h e  magnitude o f  the negat ive  f i e l d  component fo l lowed by 
a r e t u r n  t o  a near steady s ta te  a t  almost t h e  i n i t i a l  value. Examina- 
t i o n  o f  t h e  s t r u c t u r e  of t h e  v e r t i c a l  f i e l d  component f o r  cases 2, 5 
and 7 shows t h a t  t he  l i g h t n i n g  causes an ever i nc reas ing  p e r t u r b a t i o n  
on t h a t  s t ruc tu re ;  however, for case 1 an e n t i r e l y  d i f f e r e n t  s t r u c t u r e  
i s  es tab l i shed by t h e  discharge. 
F igu re  4c, which shows the maximum negat ive ho r i zon ta l  e l e c t r i c  
f i e l d  component, f u r the r  demonstrates t h e  t r a n s i t i o n  from p e r t u r b a t i o n  
t o  domination. Here, on ly  the weak case shows a decrease i n  t h e  f i e l d  
s t reng th  w i t h  a rap id  r e t u r n  t o  t h e  slow f i e l d  bu i ldup.  The two 
in te rmed ia te  cases both show an inc rease i n  t h e  f i e l d  s t rength  imme- 
d i a t e l y  f o l l o w i n g  t h e  discharge; however, case 5 then  shows a f i e l d  
reduc t i on  below t h e  i n i t i a l  value, w h i l e  case 7 cont inues t o  ma in ta in  
f i e l d  s t rengths  grea ter  than the i n i t i a l  value. 
a dramat ic increase i n  t h i s  f i e l d  component ana mainta ins t h e  
increased magnitudes. 
This  seems 
The s t rong case shows 
Whi le t h e  parameter izat ion scheme developed thus f a r  i s  admi t ted ly  
crude, i t  does seem t o  produce a l i g h t n i n g  channel w i t h  r e a l i s t i c  
character.  The parameter study i n d i c a t e s  t h a t  t h e  e f f e c t s  o f  a 
l i g h t n i n g  discharge on t h e  e l e c t r i c a l  evo lu t i on  o f  a small thunder-  
storm depends q u i t e  heav i l y  on t h e  amount o f  charge t r a n s f e r r e d  by t h e  
discharge. These e f f e c t s  range from being a minor p e r t u r b a t i o n  on t h e  
system t o  dominat ing t h e  e l e c t r i c a l  s t ruc tu re .  For  a v e r t i c a l  d i s -  
charge, t h e  most s e n s i t i v e  parameter t o  t h e  l i g h t n i n g  e f f e c t s  appears 
t o  be t h e  ho r i zon ta l  e l e c t r i c  f i e l d  component. Because t h e  ac tua l  
na ture  o f  i n t r a c l o u d  l i g h t n i n g  i s  no t  we l l  understood, a study o f  t h i s  
t y p e  ra i ses  more quest ions than it answers. It i s  hoped t h a t  t h e  s tu -  
d i e s  t o  be c a r r i e d  out  dur ing  the remainder o f  t h i s  grant  w i l l  l ead  t o  
an improved understanding of the l i g h t n i n g  process and thereby l ead  t o  
an improved parameter izat ion.  
2.2 - EMA Subcontract --  The L igh tn ing  Propagation Model 
Under subcontract  t o  t h i s  grant, EMA has developed a L i g h t n i n g  
Discharge Propagation Model (LDPM) f o r  i nco rpo ra t i on  i n t o  t h e  SEM. 
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The purpose o f  t he  LDPM i s  t o  account f o r  t h e  to r tuous  path t h a t  i s  
u s u a l l y  fo l lowed by a l i g h t n i n g  channel. One o f  t h e  weaknesses o f  t h e  
SEM discharge parameter izat ion scheme has been t h e  propagat ion c r i -  
t e r i a  which a r t i f i c i a l l y  const ra in  t h e  channel t o  f o l l o w  t h e  s ide  o f  a 
g r i d  box or i t s  d iagonal  depending on t h e  ambient e l e c t r i c  f i e l d  d i r -  
ec t ion .  The LDPM scheme takes i n t o  account t h e  e l e c t r i c  f i e l d s  
created by t h e  leader  t i p  and the  prev ious leader  segment. 
inc luded are t h e  e f f e c t s  o f  random f r e e  e lec t rons  i n  t h e  v i c i n i t y  
o f  t he  leader  t i p  as an in f luence i n  determin ing t h e  d i r e c t i o n  o f  
propagat ion of t h e  next segment. 
A lso 
The bas ic  idea employed involves cons idera t ion  o f  cond i t i ons  i n  
p r o x i m i t y  t o  t h e  leader  t i p .  The leader  t i p  conta ins  a h igh  concen- 
t r a t i o n  o f  charge. I n  the  region around t h e  t i p ,  f r e e  e lec t rons  are 
randomly generated by t h e  ac t ion  o f  cosmic rays. These e lec t rons  are  
acce le ra ted  i n t h e  combi ned e l e c t  r i  c f i e l d s  o f  t h e  ambient atmosphere 
and t h e  leader.  I f  t h e  acce le ra t ion  i s  s t rong enough, such e lec t rons  
can c o l l i d e  w i t h  and i o n i z e  neutra l  a i r  molecules c r e a t i n g  secondary 
f r e e  e lec t rons  which are subsequently i n f l uenced  by t h e  f i e l d .  
process proceeds, an avalanche o f  e lec t rons  w i l l  occur and t h e  a i r  
w i l l  become h i g h l y  conduct ive i n  t h e  avalanche region. The LDPM 
a lgo r i t hm determines which f r e e  e lec t rons  w i l l  r e s u l t  i n  t h e  con- 
duc t i ng  path t h a t  w i l l  become the  next leader  step. By us ing random 
seeds, t h e  LDPM produces l i g h t n i n g  channels which propagate i n  t h e  
same general d i r e c t i o n  as t h e  o r i g i n a l  scheme used i n  t h e  SEM, but  
show dev ia t i ons  from t h e  path more reminiscent o f  ac tua l  l i g h t n i n g .  A 
r e p o r t  (EMA-86-R-55) cover ing the  d e t a i l s  o f  t h e  LDPM i s  inc luded as 
Appendix B. 
As t h e  
A f t e r  complet ion o f  t h e  LDPM development, a copy o f  t h e  Fo r t ran  
code was forwarded t o  us on magnetic tape. 
i n t e g r a t e d  i n t o  t h e  cu r ren t  s t ruc tu re  o f  the  SEM. 
The code must be 
3. WORK TO BE ACCOMPLISHED 
I n  t h e  t ime remaining under t h e  grant,  several  t asks  remain t o  be 
accompl ished. 
must be worked out  (us ing  t h e  i n t r a c l o u d  scheme as a bas i s )  and inco r -  
porated i n t o  t h e  model. 
and t h e  te rm ina t ion  c r i t e r i o n  must be examined w i t h  cons idera t ion  
g iven t o  t h e  e l e c t r i c  f i e l d  associated w i t h  t h e  leader  t i p .  A m o d i f i -  
c a t i o n  t o  t h e  te rm ina t ion  c r i t e r i o n  i s  necessary because cloud-to- 
ground discharges are known t o  propagate through t h e  subcloud reg ion  
where t h e  ambient f i e l d  i s  o f ten considerably  below t h e  th resho ld  o f  
150 kV/m. 
The c l  oud-to-ground discharge parameter i  z a t i o n  scheme 
The LDPM must be worked i n t o  t h e  model code 
I n  add i t i on ,  t h e  d e t a i l s  o f  t h e  e f f e c t s  o f  t h e  i n t r a c l o u d  
d ischarge on t h e  e l e c t r i f i c a t i o n  i n  t h e  19 J u l y  case w i l l  be examined 
because o f  t h e  i n t r i g u i n g  behavior e x h i b i t e d  du r ing  t h e  v a r i a t i o n  o f  
t h e  charge t r a n s f e r  values i n  the  parameter study. We t h i n k  t h a t  t h i s  
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approach i s  necessary because o f  t h e  lack  o f  cu r ren t  knowledge on t h e  
d e t a i l s  of t h e  l i g h t n i n g  discharge. I n  shor t ,  what we have done thus  
f a r  looks reasonable; however, we have no way t o  know t h a t  what we 
have done i s  r i g h t .  
F i n a l l y ,  t h e  Wallops Is land case and t h e  11 J u l y  1978 TRIP case 
w i l l  be run w i t h  t h e  l i g h t n i n g  discharge a c t i v e  t o  see how t h e  occur- 
rence o f  l i g h t n i n g ,  i n t e r a c t i n g  w i t h  t h e  o ther  model var iab les ,  
e f f e c t s  the  subsequent e l e c t r i f i c a t i o n  and what types o f  d ischarges 
w i l l  occur w i t h i n  t h e  model. The 11 J u l y  T R I P  case was chosen because 
i t  was a we l l  documented, i so la ted  storm and has been t h e  sub jec t  o f  
i n v e s t i g a t i o n  by several  o ther  groups. 
The task  remaining f o r  EMA t o  accomplish under t h e i r  subcontract  
i nvol ves t h e  i n v e s t i  gat i on o f  modi f i ca t  i ons t o  t h e  1 i g h t n i  ng i n i  t i a- 
t i o n  c r i t e r i o n  used i n  t h e  SEM employing i n fo rma t ion  they  are  
acqu i r i ng  on t h e  e f fec ts  o f  p a r t i c l e  ensembles and t h e i r  charges on 
t h e  i n i t i a t i o n  o f  l i g h t n i n g .  Because o f  t h e  l ack  o f  f i e l d  data on t h e  
l o c a t i o n s  and ambient condi t ions e x i s t e n t  a t  t h e  p o i n t  o f  ac tua l  
l i g h t n i n g ,  these s tud ies  w i l l  be specu la t i ve  i n  nature. It i s  our 
hope t h a t  some new i n s i g h t s  can be gained from t h i s  e f f o r t .  
4. CONFERENCE PAPERS AND PUBLICATIONS 
Dur ing t h e  pe r iod  covered by t h i s  repor t ,  one conference paper was 
submit ted and subsequently accepted fo r  o r a l  presentat ion.  The paper 
was e n t i t l e d  "A L igh tn ing  Parameter izat ion Scheme i n  a Two-Dimensional, 
Time-Dependent Storm E l e c t r i f i c a t i o n  Model" authored by 3. H. Helsdon, 
Jr., R. D. Far ley ,  and G. Wu. It w i l l  be presented a t  t h e  Conference 
on Cloud Physics sponsored by the American Meteoro log ica l  Soc ie ty  t o  
be he ld  i n  Snowmass, CO, i n  September 1986. 
Also, a paper e n t i t l e d  "A Numerical Modeling Study o f  a Montana 
Thunderstorm: Par t  I I . Model Resul ts  vs. Observations I n v o l v i n g  
E l e c t r i c a l  Aspects'' was completed and submit ted f o r  p u b l i c a t i o n  i n  t h e  
Journal  o f  Geophysical Research. The paper was reviewed and accepted 
f o r  p u b l i c a t i o n  a f t e r  mod i f i ca t i on  i n  l i g h t  o f  t h e  rev iewer 's  com- 
ments. These mod i f i ca t i ons  w i l l  be accomplished d u r i n g  t h e  remainder 
o f  t h e  grant  per iod.  
a r e  inc luded i n  Appendix A. 
Abstracts of t h e  conference and j o u r n a l  papers 
F i n a l l y ,  a Master 's Thesis i s  be ing prepared by Mr.  G. Wu. Whi le 
Mr .  Wu has not  been supported d i r e c t l y  by t h e  NASA grant ,  t h e  computa- 
t i o n s  t h a t  he has used i n  prepar ing h i s  research have been supported 
b y  the  grant. The t o p i c  o f  the t h e s i s  invo lves  t h e  l i g h t n i n g  parame- 
t e r i z a t i o n  scheme and i t s  use i n  t h e  SEM. Mr .  Wu p lans t o  f i n i s h  h i s  
degree i n  t ime f o r  December graduation. 
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L i n e a r  charge density along t h e  channel path using %& and a va lue o f  k = 2.5 x 10’11 f /m.  The o r i g i n a l  channel 
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F i g .  2:  D e p i c t i o n  o f  t h e  3 dimensional charge spreading procedure. 
The t z t a l  charge i n  t h e  rectangular  volume and under t h e  sur face  
d e f i n e d  by t h e  Gaussian curves a r e  equal .  
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Fig. 3:  
applyTng t h e  procedure i n  Fig. 2. 
Ho r i zon ta l  d i s t r i b u t i o n  o f  t h e  l i n e a r  charge i n  Fig. 1 a f t e r  
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F i g .  4: 
negatTve v e r t i c a l  e l e c t r i c  f i e l d  ( b ) ,  and maximum n e g a t i v e  h o r i z o n t a l  
e l e c t r i c  f i e l d  ( c )  f o r  30 sec fo l lowing  t h e  d ischarge f o r  f o u r  
experiments.  
Domain maximum p o s i t i v e  show charge d e n s i t y  ( a ) ,  maximum 
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APPENDIX A 
A LIGHTNING PARAMETERIZATION SCHEME I N  A TWO-DIMENSIONALy 
TIME-DEPENDENT STORM ELECTRIFICATION MODEL 
John H. Helsdon, Jr., Richard D. Far ley ,  
and Gang Wu 
ABSTRACT 
An impor tant  cons iderat ion i n  t h e  modeling o f  thunderstorm 
e l e c t r i f i c a t i o n  i s  t h e  existence o f  l i g h t n i n g  i n  nature.  A model 
w i thou t  l i g h t n i n g  i s  on ly  capable o f  s imu la t i ng  t h e  development o f  a 
storm n i t s  e a r l y  stages (up t o  t h e  t ime o f  f i r s t  l i g h t n i n g ) .  Since 
l i g h t n  ng accounts f o r  s i g n i f i c a n t  charge rearrangement w i t h i n  a 
storm, i t  becomes necessary t o  i nc lude  such processes i n  any modeling 
e f f o r t  which hopes t o  shed l i g h t  on t h e  e l e c t r i c a l  e v o l u t i o n  o f  such 
storms I n  an at tempt t o  make allowance f o r  t h e  l i g h t n i n g  discharge 
i n  our Storm E l e c t r i f i c a t i o n  Model (SEM), we have developed a s i m p l i -  
f i e d  parameter izat ion scheme t o  s imu la te  t h e  l i g h t n i n g  channel and i t s  
a t tendant  charge r e d i s t r i b u t i o n .  
This  parameter izat ion scheme has c r i t e r i a  f o r  t h e  i n i t i a t i o n ,  
propagat ion,  t e rm ina t ion  and charge r e d i s t r i b u t i o n  associated w i t h  
l i g h t n i n g .  I n  order  t o  s i m p l i f y  t h e  scheme as much as poss ib le ,  t h e  
f i r s t  th ree  c r i t e r i a  are a1 1 dependent on t h e  s t reng th  and d i  r e c t i o n  
o f  t h e  e l e c t r i c  f i e l d  vector.  The propagat ion o f  t h e  channel i s  b i -  
d i r e c t i o n a l  and t h e  charge d i s t r i b u t i o n  along t h e  channel i s  ca lcu-  
l a t e d  so as t o  ma in ta in  overa l l  charge n e u t r a l i t y  f o r  an i n t r a c l o u d  
discharge. 
conserva t ive  manner l a t e r a l l y  away from t h e  channel over several  g r i d  
p o i n t s  i n  order  t o  ma in ta in  computational s t a b i l i t y .  Th is  d i s t r i b u -  
t i o n  o f  charges i s  then added t o  t h e  small i o n  popu la t ion  and a l lowed 
t o  i n t e r a c t  wi th  t h e  o ther  charge c a r r i e r s  as t h e  i n t e g r a t i o n  
proceeds . 
A s imu la t i on  o f  t he  19 Ju ly  1981 CCOPE case has been run w i t h  t h e  
1 i g h t n i n g  discharge included. A parametr ic  study has been undertaken 
t o  determine t h e  e f f e c t s  o f  d i f f e r e n t  amounts o f  charge t r a n s f e r  on 
t h e  subsequent e l e c t r i c a l  evolut ion.  The r e s u l t s  o f  these s imu la t ions  
w i l l  be discussed. 
The charge deposited along t h e  channel i s  then spread i n  a 
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A NUMERICAL MODELING STUDY OF A MONTANA THUNDERSTORM: 
PART 11. MODEL RESULTS VS. OBSERVATIONS 
INVOLVING ELECTRICAL ASPECTS 
John H. Helsdon, Jr. and Richard D. Fa r ley  
ABSTRACT 
I n  t h i s  i n v e s t i g a t i o n ,  we compare t h e  r e s u l t s  o f  t h e  Storm 
E l e c t r i f i c a t i o n  Model (SEM) s imu la t ion  o f  t h e  19 J u l y  CCOFE case study 
c loud  aga ins t  t h F  actual  observations w i t h  respect t o  t h e  c loud 's  
e l e c t r i c a l  c h a r a c t e r i s t i c s ,  as deduced from t h e  data o f  two a i r c r a f t .  
It i s  found t h a t  t h e  SEM reproduces t h e  bas ic  charge and e l e c t r i c  
f i e l d  s t r u c t u r e  of t h e  c loud on a s i m i l a r  t ime sca le  t o  t h a t  observed. 
The comparab i l i t y  of t h e  modeled and observed values o f  f i e l d  s t reng th  
and charge w i t h i n  t h e  c loud i s  d i r e c t l y  r e l a t e d  t o  t h e  p rox im i t y  o f  
t h e  a i r c r a f t  t o  t h e  main ac t ive  core o f  t h e  cloud. The character  o f  
t h e  e l e c t r i c  f i e l d  external  t o  t h e  c loud appears t o  be we l l  modeled, 
a t  l e a s t  a t  t h e  t ime of observation. A f ea tu re  which was not 
observed, bu t  appears i n  t h e  model, i s  a charge screening l a y e r  a t  t h e  
t i p  o f  t h e  a n v i l .  
I n  add i t i on ,  t h e  model p red ic ts  e l e c t r i c  f i e l d  s t rengths  
s u f f i c i e n t  t o  i n i t i a t e  a l i g h t n i n g  d ischarge a t  approximately t h e  same 
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Uman, M.A., "ma McGr w-Hill, New Yo&, 1969. 
1 
A STOCHASTIC MODEL FOR THE TORTUOUS PROPAGATION 
OF A LIGHTNING STEPPED LEADER 
The results of Task 1 produced by EMA for the referenced contract 
"Completion of a Lightning Discharge Propagation Model (LDPM)" are discussed in 
this report. A FORTRAN code has been written for this model which can be integrated 
into the South Dakota School of Mines (SDSM) time-dependent Storm Electrification 
Model (SEM). The LDPM has been structured to enable its use in either a two or 
three-dimensional SEM with minor modifications. 
1. INTRODUCTION 
The LDPM is an approximation of the tortuous path of a lightning channel in 
a thunderstorm environment. Location and direction for the initial discharge point must 
be supplied as input data to the model. The discharge channel is then established as 
a series of connected stepped leader segments and propagates until certain 
termination conditions are met. All leader segments are assumed to be the same 
length and have equal charge densities. These parameters can be set to any 
values desired. While testing the LDPM, parameter values of 50 meters and 
1 millicoulomb/meter were used based on the average values published by Uman! 
The primary parameter calculated in the model is the direction for a segment 
of the stepped leader. This computation is based on the effects of random free 
electrons in the vicinity of a leader segment tip which determine the direction of the 
next stepped leader segment. The details of the direction parameters for a stepped 
leader segment will be discussed in the next section. Once this direction is 
established, position vectors for a segment can be calculated. The model is then able 





















The remainder of this report discusses the calculations used in the LDPM, 
presents results obtained during the model tests, and provides a discussion on how 
the code is used. In addition, a listing of the code is provided. 
2. PHYSICAL CONSIDERATIONS 
Umanl discusses several theories which have been presented since the 
late 1 930's to explain observed stepped leader characteristics. Although basic 
differences exist between these theories, several fundamental issues are common for 





A stepped leader has an inner conducting core wherein most of the 
current flows. 
The core is surrounded by a corona region in which the electric field 
exceeds the breakdown field of air (approximately 3 x 106 volts/meter 
for standard temperature and pressure at sea level). 
A mechanism exists which precedes the stepped leader to create an 
ionized channel in "virgin a i f  which provides continuation of the 
stepped ieader propagation. 
As current flow increases into the ionized channel, a condition occurs 
whereby the conductivity increases until the channel becomes a new 
segment of the stepped leader and the end of the channel becomes the 
new tip of the leader. 
These theories agree that stepped leader segment directions are randomly 
distributed. Based on lightning channel tortuosity studies by Hill2 , the mean absolute 
direction change is nearly constant from flash-to-flash and on the order of 16 degrees. 
For purposes of the LDPM, it is assumed that the randomness of the stepped leader 
direction is related to the random creation of free electrons in air due to cosmic ray 
bo m bard m e n t . 
Hill, R.D., "Analysis of the Irregular Paths of Lightning Channels," J. GeoD hvs. Reg ., VOI. 73,1968 
(pp. 1897 - 1906). 
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Issue 3 is of primary concern for this model. The stepped leader 
propagation theories often vary when describing this mechanism. The process 
occurring which results in the formation of the ionization channel ahead of the 
stepped leader tip has been more recently described by Rudolph3 from studies 
involving the interaction of lightning with aircraft in flight. 
The leader tip is a region which contains a large charge density and high 
electric field levels. Free electrons (generated by cosmic rays) in the air are 
accelerated in this high field until they collide with a neutral atom or molecule. If the 
electron's kinetic energy is large enough at the time of the collision, the neutral particle 
can have an electron separated from it, producing a second free electron and a 
positive ion. The free electrons are then again accelerated by the field, possibly 
suffering more collisions and producing more free electrons and ions. If the rate of 
production of free electrons is larger than the rate of loss (by recombination, and 
attachment to form negative ions), an electron "avalanche" occurs, in which sufficient 
numbers of electrons and ions are produced and substantially alter the electrical 
conductivity of the air. 
Figures 1 and 2 illustrate how the effects of avalanching result in the 
generation of a new leader step from an existing leader tip. Figures 1 and 2 also 
illustrate the ionization path mechanisms for a negatively charged and for a positively 
charged leader tip, respectively. 
In Figure 1, a free electron (at time t l )  is accelerated by the electric field 
towards the leader tip. As avalanching occurs (time t2), a net positive charge is formed 
in the region of the initial free electron position. This results from positive ions which 
have a much lower mobility or drift velocity than electrons. The net effect is 
neutralization of the electric field at the leader tip (time t3). The conductivity in the 
region approaches the conductivity in the inner core of the stepped leader. Thus, the 
region in which positive ions were first produced becomes the new leader tip. 
In Figure 2, a free electron (at time tl) is accelerated by the electric field 
away from the leader tip. As avalanching occurs (time t2), a net positive charge is 
Rudolph, T., and R.A. Perala, "Linear and Non-Linear Interpretation of the Direct Strike Lightning 
Response of the NASA F106B Thunderstorm Research Aircraft," Electro Magnetic Applications - Denver, 
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formed in the region of the initial position of the free electron. Moreover, as the 
electrons move away from this region, a conducting channel is generated between the 
positive ions and electrons until the electric field between the two opposite charge 
regions is neutralized. However, the electric field is enhanced between the leader tip 
and the positive charge region and induces additional forces on the negative charge 
region around the tip. In addition, the breakdown region is extended toward the 
positive charge region. This effect is illustrated in Figure 2 at time t3 as a new 
conductive region extends the stepped leader. The leader tip occurs at the negative 
charge region created by the electrons which were first accelerated away from the 
original free electron position. 
The mechanism for extending the stepped leader is dependent on the 
location of free electrons which create a conductive channel to the leader tip. Thus, it 
is necessary to consider all free electrons and determine which one will initiate the first 
complete ionized path to the leader tip. Moreover, the algorithm used must determine 
which electron will initiate this complete ionized path in the minimum time 
(compared to other electrons). 
A rigorous mathematical treatment of the mechanisms just discussed would 
require involved calculations for the avalanche process and resultant conductivity in 
the stepped leader tip vicinity. These calculations would also involve significant 
computer time when used in the SEM. A simplified algorithm which has similar 
dependencies on the position of random electrons and the electric field around the tip 
of a stepped leader segment was developed. 
Since the drift velocities of the positive ions are significantly lower than those 
of electrons, the first simplification does not account for the mobility of resultant positive 
ions. The equation of motion for electrons generated by the avalanche is then given 
by: 
where: qe  = electron charge, 




















I?T = total electric field, 
0, = electron velocity, 
6 = magnetic field, and 
v = an approximate collision frequency. 
To further simplify this equation, it is assumed that the creation of electrons 
due to avalanching has progressed to a level where a collision dominated, plasma 
region exists. In turn, the electron velocity is constant and equal to the drift velocity, 
and: 
dGe - = o .  
dt 
Thus, 
where: = electron mobility, and 
Vd = drift velocity. 
It is assumed that the vector ;e between the leader tip and the electron 
position can be approximated by: 
(4) 
or the time necessary to create a channel can be approximated: 
It is assumed in the model that the ionized channel induced by the 
avalanching process (resulting from randomly occurring electrons) will initiate the next 





















charged stepped leader segment. Thus, the model is independent of the leader tip 
charge. Based on these assumptions, the new stepped leader segment direction is 
determined by identifying the free electron in the vicinity of the previous stepped 
leader segment tip which will create an ionization path in a minimum time (compared 
to other free electrons). 
The model requires the following computations which will be discussed in 
detail in the next sections. 
a. Random generation of electrons in the vicinity of each stepped leader 
tip. 
b. Total electric field strength and direction at each electron location. 
c. The direction vector of the new stepped leader. 
3. LIGHTNING DISCHARGE PROPAGATION MODEL 
CALCULATIONS 
3.1 Description 
The LDPM code was written to predict the tortuous path of a lightning 
channel based on the physical considerations in Section 2. The routine is 
programmed to calculate the parameters for each stepped leader segment. 
3.1 . I  Random Electron Generation 
A Monte Carlo technique was used to generate the random locations of free 
electrons within a sphere around each leader segment tip. The ambient electron 
density is assumed to be .2 electrons/m3. The size of the sphere is dependent upon 
the number of free electrons. Each model run in this report considered 500 random 
electrons around each tip. Thus, the sphere centered at the leader tip was required to 





















A seed integer is also required for the Monte Carlo routine. This seed 
controls the random placement of electrons. Different seeds will produce different sets 
of electron locations. 
3.1.2 Total Electric Field Calculation 
The total electric field strength and direction was computed for each electron 
location generated by the Monte Carlo technique. The electric field at any electron 
location should be the resultant of the ambient field and the fields due to the previous 
leader segments. The model code was tested to incorporate the effects of the previous 
leader segments and the ambient field in the electric field calculation. It was observed 
that this calculation only required the ambient electric field and the electric field 
components due to the two leader segments closest to the electron. Electric fields 
caused by segments further away did not affect the modeled lightning path 
significantly. The total resultant electric field at a location (x,y,z) in the vicinity of the ith 
stepped leader segment is stated below: 
The general equation for the electric field at any point in space due to a line 
charge is given below and is illustrated by Figure 3. 
The electric field at any point in space due to the line charge element hdl is: 
kdl (T - 3) 
de = ; h = chargehnit length . 
4 7 ~ ~ ~  I ;-$I3 
(7) 





















dl = Unit Stepped Leader Segment Length 
u = Unit Direction Vector of Stepped Leader Segment .. 
Y -  
Figure 3. Stepped Leader Segment Line Charge and 
Its Parameters in World Coordinates 
The general world coordinate solution for the electric field due to the line charge 
becomes: 
L h 
4 7 ~ 0  (A2 - 82) 
+ +  
where: A' = r - R  ,and 
B = i o $ .  
10 



















Figure 4 depicts the constant electric field contours due to a line charge. 
The arrows show the direction of the electric field. 
3.1.3 Direction Vector of the New Stepped Leader Segment 
Only one of the electrons generated in the vicinity of the leader tip will 
properly satisfy the model requirements and determine the direction of the new 
stepped leader segment. For simplification, each stepped leader segment is assumed 
to be positively charged (as discussed in Section 2) for the LDPM. The new stepped 
leader segment is assumed to be initiated by the ionized path formed in the least time. 
The time to generate the ionized path is proportional to the ratio formed from the 
distance of the leader tip to the electron (re) and the resultant electric field strength (ET) 
at the electron location. This relationship was determined in Section 2 and is stated in 
Equation 5. Thus, the new stepped leader segment direction is chosen to be the 
electric field direction at the initial location of the free electron which initiates an 
ionized path in the minimum time (compared to other electrons). 
If the angle e, formed by the ET and re vectors at the initial electron location 
is wlthir! a certain angle range, that electron will create an ionized channel to the 
leader tip along a "relatively" straight path. The time it takes to establish the ionization 
channel can be approximated using Equation (5). As 8, increases beyond this certain 
angle range, the actual path of the ionization channel along electric field lines will 
deviate from a straight line. Therefore, the actual time it takes to establish the ionized 
channel to the leader tip may be significantly greater than the time approximated by 
Equation (5). In fact, if 8, is large enough, the ionized path may not attach to the 
leader segment tip, but to some point behind the tip instead. The cosine of 8, formed 
by ET and re at any electron location is computed as follows: 
A stepped leader segment is defined by the computer code as a finite length 
with its tip being a single point. In na?ure, the leader tip is not a single point but is 
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leader tip point and has an electric field strength greater than 3 x 106 V/m everywhere 
inside. 
Figure 5 depicts the above concepts. The angle range parameter is 
determined by the radius of the corona region. This radius is on the order of 2 meters 
and is assumed to be the same magnitude for all leader segments in the LDPM. The 
angle range parameter was adjusted to an absolute value of 12.5 degrees. This value 
appeared to allow the lightning channel path to be reasonably tortuous. The angle 
range parameter can be changed in the LDPM as desired. However, 12.5 degrees is 
recommended, since smaller angle parameter values limit the tortuousity, while larger 
angle parameter values result in erratic tortuousity which exceeds the findings of Hill2. 
Each of the 500 electrons generated by the Monte Carlo routine is tested in 
the code to determine which one is used to establish the direction of the new stepped 
leader segment. The one electron chosen must meet the following conditions: 
1. The initial free electron which initiates an avalanche must originate in a 
location where the electric field strength is less than 3 x lOsV/m. (If the 
field was larger, the electron was assumed to be inside the corona 
region of the leader segment and was considered). 
2. The angle 8, formed by ET and re for an electron location must be less 
than the angle range parameter (absolute value of 12.5 degrees) 
(If 8, was greater, the electron was a considered). 
3. Of the remaining electrons, the electron which creates an ionization 
channel to the leader tip in the least time, t (as computed in 
Equation (5) )  was identified and used to calculate the new direction. 
The new stepped leader segment direction is then taken to be the direction of the total 
electric field at this "identified" electron location. 
It is important to note that, if the Monte Carlo sphere is too small, most or all 
of the random electrons will lie in a region where the electric field strength is above 
3 x 106 V/m. In turn, the model may not function properly. It was observed that a 
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during the LDPM development. This sphere size contained enough electrons in a 
region where the electric field was below breakdown and allowed the LDPM to 
function properly and efficiently. 
3.2 Model Te r mi na t i o n Cond it i o ns 
The LDPM will terminate if any of the following conditions are met: 
1. The stepped leader enters a defined region (grid cell) with an ambient 
electric field less than 1.5 x 1 Os V/m. This termination criterion was 
based on work done by Griffiths4 involving the propagation of positive 
streamers in the laboratory, 
2. The stepped leader propagates outside the designated problem space, 
3. (Optional) The stepped leader enters a defined charged region 
(Specified grid cell). 
3.3 MODEL INPUT AND OUTPUT REQUIREMENTS 
v 
3.3.1 Input 
The problem space is depicted as a rectangular grid either in two or three 
dimensions. The code is written to accommodate two or three-dimensional data. This 
version of the LDPM is adjusted for a two-dimensional SEM. Each grid cell has side 
lengths equal to 200 meters. This routine requires the number of grid cells along the 
x-axis (horizontal), along the z-axis (vertical), and the initial discharge coordinate (x,z). 
Ambient electric field components are required for each grid cell. The routine also 
requires a seed integer for the Monte Carlo scheme. These variables are: 
1. NCELX Number of cells along the x-axis 
Number of cells along the z-axis, NCELZ 
Griff iths, R.F. and C.T. Phelps, "The Effects of Air Pressure and Water Vapor Content on the Propagation 
of Positive Corona Streamers and Their implications to Lightning Initiation," mart. J. Rov. Meteor. SO& VO~ 




















2. ICX, IC2 Initial discharge point (x,z), 
3. FEX(K), FEZ(K) One-dimensional array of x,z ambient field 
components, and 
4. ISEED Monte Carlo seed integer; must be less 
than 32,000. 
For the NCAR Electricity Model: 
1. NCELX=97; NCELZ = 97 
2. ICX = 86; ICZ = 31 
3. FEX(K), K = 1 , 9409; FEZ(K), K = 1 , 9409 
3.3.2 output 
The routine generates the (x,z) position in world coordinates for each 
stepped leader segment tip in the propagation path. The x and z arguments are 
written in the one-dimensional RX and RZ arrays. Coordinate values x and z are given 
in meters from the origin (x = 0, z = 0). These arguments can be passed back into the 
main program and are as follows: 
1. RX(NL), RZ(NL) One-dimensional arrays of the x and z values in 
meters 
NL corresponds to the leader number (not the 
grid cell number), and 
2. NFL Integer; total number of NL leader segments. 
3.4 MODEL EXAMPLES 
Several lightning discharge propagation paths were generated and are 
shown in Figures 6 through 8. Figure 6 shows the lightning paths modeled for the 
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ISEED = 31999 
------ SDSM Algorithm 
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Figure 6. NCAR Electricity Model Data (58.5 Minutes) 
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Figure 7. EMA Electricity Model Data - Initial Discharge 
in the Positively Charged Grid Cell 
(Comparison of Monte Carlo Seeds) 
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produced from the LDPM and the algorithm described in Helsdons , respectively. The 
four plots in Figure 6 demonstrate the effects of varying ISEED (Monte Carlo Seed for 
Generating Random Electron Locations). 
figure 7 shows the effects of ISEED for ambient electric fields generated 
from an in-house routine. This routine creates electric fields from a set of discrete 
charge centers. Figure 8 shows the effects of varying the charge magnitudes at 
specified cells. These ambient fields were computed from the in-house routine. 
4. MODEL VERSIONS AND DATA 
The listings for three versions of LDPM are included in Appendix A of this 
report. In addition, the code used to generate ambient electric fields is included. The 
listings are as follows: 
1. LDPM - Subroutine 
Subroutine with common statements; requires the number of x cells 
(NCELX), z cells (NCELZ), the initial discharge coordinate, ambient 
electric field components at each cell, and ISEED. Passes leader tip 
locations RX(I), RZ(I) and NFL, the number of total leaders back into 
main program. 
2. LDPM.FOR 
Routine reads in ambient electric fields; requires NCELX, NCELZ, 
initial discharge coordinate, and ISEED. Calculates leader tip 
locations. 
3. LDPM - Interactive (not required by contract; used as test program) 
Interactive routine; generates ambient electric field components over 
grid from specified cells and their charge magnitudes. Requires 
NCELX, NCELZ, the initial discharge coordinate, and ISEED. Routine 
also requires coordinates of specified charge cells. Calculates leader 
tip locations. 
5 Helsdon, J.H., R.U. Farley andG. Wu, "A Lightning Parameterization Scheme in a Two- 
Dimensional, Time-Dependent Storm Electrification Model," presented at the 1986 Conference 






















NCAR ambient electric field data (58.5 minutes, unformatted) 
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DEVELOPED BY E.H.A. - AUGUST 1986 
SUB-PROGRAH DETERHINES DIRECTION OF NEXT LEADER SEGHENT WE TO 
ELECTRON WHICH UILL FORH AN IONIZED PATH TO 
THE STEPPED LEADER SEGENT TIP IN THE LEAST TIHE 
E FIELD TOTAL = E FIELD LEADER t E FIELD PREVIOUS LEADER + AHBIENT E FIELD 
NCEL= # CELLS IN X AND IN Z 
NFL= TOTAL NUHBER OF STEPPED LEADER SEGHENTS 




ISEED=RANDOH FUNCTION INTEGER 
ISEED=30987 
OFILEl='LDFH.DAT' ! BINARY FLOTFILE OF LIGHTNING PATH 
OFILE?='LDFH.PRINT' ! PRINT VALUES OF LIGHTNING HODEL 
INPUT VARIABLES 
CL=SEGHENT LENGTH ELAHBDA=LEADER CHARGE DENSITY 
BDF=BREAK DOUN FIELD EK=1/4PIEpso NL=LEADER # 
DZ=Z CELL HEIGHT DX=X CELL WIDTH 
Q=HAX ALLOWABLE ANGLE BTW EFIELD 8 DIRECTION VECTORS 
NE=# FREE ELECTRONS ED=ELECTRON DENSITY ( r u ~ t t 3 )  
DATA CL*ELA~BDA,BDF/50,*,0Olrl~SE5/ 
DATA PI~EKrNL/3r1415?27~9.E9,0/ 









INITIALIZE STEPPED LEADER PROPAGATION 
INPUT DATA: Rlr AHBIENT E FIELD* U1 
COORDINATES OF INITIAL POINT ON GRID PROBLEM SPACE 
RX(O)=DXt(FLOAT(ICX)-*5) 
RZ(O)=DZt(FLOAT(ICZ)-.S~ 














































DETERHINE CELL POSITION OF NEU LEADER SEGHENT TIP ON OVERLAY 
USE APPROPRIATE MBIENT E FIELD HAGNITUDE AND DIRECTION 
















LEADER SEGHENT HAS PROPAGATED OUTSIDE THE 6RID 
LEADER SEGMENT ENTERING CELL UITH AN AHBIENT FIELD LT 1.34 U/H 
IF(K.LT.1 ,OR.K+GTeKTOT,OR. 
t RX(NL-l)*LT.O*OR*RX(NL-l)~GT.XTOT)GOTO 3000 
C 
WRITE(2rt)'LEADER SEGHENT NUHBER'rNL 
URITE(2rt)'CELL NUHBER 'rKv' (X#Z) COORD'rKXvKZ 
WRITE(3rt)'TOT E FIELD 'rETOTvf AHB E FIELD 'VEFAHB 
URITE(2rt)'Af4B EX * r ~ ~ ~ ( ~ ) r f  AnB EZ ' rFEZ(K) 
WRITE(2rt)'X COORD 'rRX(NL-1)r' Z COORD *tRZ(NL-1) 
URITE(2vX)' f 
URITE ( 1 )RX(NL-1) vRZ( NL-1) 
C 






SHORTEST TIHE OF ELECTRON TO FORH IONIZED CHANNEL 
THIS TIHE DETERMINES DIRECTION OF NEU LEADER SEGMENT 
THIN=l*EZO 








CALCULATE ELECTRON DISTRIBUTION NEAR LEADER SEGHENT TIP 
RXPIRX(NL-1)fflXtCL 
RYP=RYtUYtCL ! USE RY(NL-1) FOR 3D CASE 
RZP=RZ(NL-l)tUZtCL 




REoSRRT(RANDtRADIUStRAD1US) ! FOR ACTUAL RANDOH DISTRIBUTION 
CALL RANDOH(1SEEDrRAND) 
TH=RANDXPI 
































AY=Y-RY ! USE RYCNL-1) FOR 3D CASE 









































t ( ( U Y f l l t A S f l l - A Y H l X B H l ) / A f l l ) )  
t ((UZflltASnl-AZnlXB~l)~Afll)) 
C 







C CHOOSE APPROPRIATE ELECTRON TO FORH IONIZED CHANNEL 
C TO THE LEADER SEGHENT TIP IN SHORTEST TInE 


































RY=RYtDRY ! FOR 2D 
RX(NL)=RX(NL-l)+DRX 
RZ(NL)=RZ(NL-l)tDRZ 
NEXT LEADER SEGHENT 
CASE, RY(tfL)=RY(NL-l)tDRYv FOR 3D CASE 
C 
C NEW UNIT VECTOR 
C UNIT VECTOR IS PROJECTED ONTO XtZ PLANE FOR 2D SPACE 
C FOR 3D CASE 
C 
C FOR 2D CASE 
DIR=SQRT ( DIRXtDIRXtDIRYtDIRY tDIRZXDIRZ 1 





UX=DI RX/D I R 










GO TO 2000 
NFL=NL 
I F ( K ~ L T ~ 1 ~ O R ~ K ~ G T e K T O T ~ O R ~  
RX(NL-l)oLT.O.OR.RX(NL-l)oGT.XIOT)THEN 
URITE(2it)'LEADER OUT OF BOUNDS' 
END IF 








C RANDOh NUhBER GENERATOR 
C 





























































































DEVELOPED BY E.H.A. AUGUST 1986 
PROGRAH DETERHINES DIRECTION OF NEXT LEADER SEGHENT DUE TO 
ELECTRON WHICH MILL FORH AN IONIZED PATH TO THE S E W N T  TIP IN 
THE LEAST TIHE 
E FIELD TOTAL = E FIELD SEGHENT t E FIELD PREVIOUS SEGHENT 
t AHBIENT E FIELD 
NCEL= t CELLS IN X AND IN 2 




ISEED=RANDOH FUNCTION INTEGER 
ISEED-20897 
SFECIFXED CHARGED REGION CELLS (OTHER THAN INITIAL CHARGED CELL) 
DATA NCl~NC2/19Jr18/ 
INFILE='EFS.DT' ! INPUT AHBIENT E FIELDS 
OFILE1='LDPN3eDATf ! BINARY PLOTFILE OF LIGHTNING PATH 
OFILE3='LDPH,PRINT' ! PRINT VALUES OF LIGHTNING HODEL 
C 
C INPUT VARIABLES 
C CL=SEGHENT LENGTH 
C %DF=BREAK DOWN FIELD 
C DZ-Z CELL HEIGHT 
C NE=# FREE ELECTRONS 
C Q=MX ALLOUABLE ANGLE 
C 
ELAHEM= SEGHENT CHARGE DENSITY 
EK=1/4PIEpoo NL=LEADER SEGHENT # 
DX=X CELL YIDTH 
BTW EFIELD P DIRECTION VECTORS 
















CLOSE ( 2 ) 
C 
C INITIALIZE LEADER SEGMENT PROPAGATION 
C INPUT DATA: Rlr MBIENT E FIELD, U1 



































C START LOOP 
C 
C DETERHINE CELL POSITION OF NEY LEADER SEGHENT TIP ON OVERLAY 
C USE APPROPRIATE AMEIENT E FIELD MAGNITUDE AND DIRECTION 





EFAHE=SPRT( FEX (K) tt2tFEZ(K) t t 2 )  
C 
C TERHINATE IF 
C LEADER SEGtlENT HAS PROPAGATED OUTSIDE THE GRID 
C LEADER SEGHENT ENTERS INTO CHARGED REGION 
C LEADER SEGHENT ENTERING CELL YITH AN AHEIENT FIELD LT l + S H  V/H 
IF(K+LT.l.OR*K*GT,KTOT,OR, 






















SHORTEST TIHE PATH OF ELECTRON TO LEADER SEGHENT TIP 
THIS TIME PATH DETERMINES DIRECTION OF NEW LEADER SEGHENT 
TMIN=l+E20 
USE MONTE CARLO METHOD FOR FREE ELEBTRONS 




DO 100 I=l,NE 











































~ = S Q R T ( A X t t 2 t A Y t t 2 t A Z l t 2 )  
B=AXtUXtAYtUYtAZlUZ 







D=SQRT ( D 1 
C 












Af l l=SQRT(AXMlXX2tAYf l l t t2 t4LZnl t t2 )  














t ( (UXfl l tASHl-4XHltBf l l ) /AHl) )  
t ~(UYflltASMl-AY~ltEHl)/AHl~) 
t ( ( U Z f l l t A S M l - A Z H l t B f l l ) / A ~ l ) )  
C 






C CHOOSE AFPROPRIATE ELECTRON TO BE DRAW TOYARD 
































































GO TO 2000 
IF(K*LT.l*OR*K*GT.KlOT*OR. 
RX*LT*O*OR*RX.GT.XTOT)THEN 
PRINT%, 'LEADER SEGHENT OUT OF BOUNDS' 
URITE(3rt)'LEADER SEWENT OUT OF BOUNDS' 
END IF 
PRINTX, 'LEADER SEGHENT ENTERED REGION LT BREAK DOWN' 
URITE(3,t)'LEADER SEGHENT ENTERED REGION LT BREAK DOUN' 
END IF 
IF(EFlHB.LT*BDF)THEN 
CLOSE( 1 ) 




C RANWH NUHBER GENERATOR 
C 


































































































INTERACTIVE VERSION OF LDPH 
PROGRAH DETERHINES DIRECTION OF NEXT LEADER SEGMENT DUE TO 
ELECTRON WHICH MILL FORH AN IONIZED PATH TO 
THE STEPPED LEADER SEGMENT TIP IN THE LEAST TIHE 
E FIELD TOTAL = E FIELD LEADER t E FIELD PREVIOUS LEADER 





OFILEl='LDPH,DAT' ! BINARY PLOTFILE OF LIGHTNING PATH 
OFILE3='LDPH.PRINT' ! PRINT VALUES OF LIGHTNING HODEL 
PRINT89 'LIGHTNING PROPAGATION - TORTUOSITY HODEL' 
PRINT*, 'DEVELOPED BY E.ti.A, - AUGUST 1986' 
PRINTlr ' 
PRINT8r 'SPECIFY GRID INPUT DATA' 
PRINT# r ' 
PRIHTt, 'GRID SIZE - ENTER THE TOTAL NUHBER OF 
PRINT89 'EACH CELL IS 200r x 200.' 
PRINT1r 'ALONG THE X (HORZ AXIS)* ALONG THE Z 




PRINT8 P ' 
PRINTt7 'ENTER THE INITIAL CELL COORD ( X r Z )  OF 
PRINTS, 'ENTER XrZ' 
READtr ICXrICZ 







PRINT%, 'YOU HAY SPECIFY ANY CHARGE REGION COORDINATE ' 
PRINTS, 'IF YOU DONT YANT THESE REGIONS ENTER 0 ' 
PRINT89 'IT IS SUGGESTED THAT OVER THE ENTIRE GRID ' 
PRINTX, 'THE SUH OF THE TOTAL CHARGE 0 ' 
PRINTtr 'ENTER THE t OF CHARGE REGIONS (HAX IS 10)' 
PRINT19 '(NOT INCLUDING THE INITIAL DISCHARGE COORDINATE)' 
READtr NC 
PRINT89 'ENTER THE XPZ PAIRS AND THEIR CHARGE(-rtCOUL)' 
PRINTS, ' ie:  XlrZlrCHARGEl' 
PRINT89 ' X2922 vCHARGE2' 
DO 10 I=l,NC 
READS, NCX(I),NCZ(I)rQN(I) 
DO 11 IflrNC 
NCK(I)=NCX(I)+NCELXt(NCZ(I)-1) 
I 
PRINTXI 'OTHER THAN THE INITIAL DISCHARGE COORDINATE. ' 
IF(NC.EQ*O)GOTO 101 
PRINTX, ' I 
PRINT#, 'THE PROGRAH USES A " T E  CARLO HETHOD TO' 
PRINT19 'GENERATE FREE ELECTRONS AROUND EACH STEPPED' 
PRINT#, 'LEADER TIP. AM ASSUHD DENSITY IS .2dec/mtt3' 
PRINTS9 '500 ELECTRONS IS RECOMENDED' 
PRINTS, 'LESS THAN 100 YILL LIHIT TORTUOSITY' 
PRINT87 'ENTER THE NUHBER OF ELECTRONS DESIRED' 






















PRINT*, 'THE HONTE CARLO ROUTINE REQUIRES A SEED INTEGER' 
READtr ISEED 
PRINTtr ' 
PRINTXr 'PROGRAH GENERATES A PRINT FILE OF THE HODU'  
PRINTS, 'VALUES L A BINARY PLOTFILE IN AN XrZ OUTPUT' 
PRINTtr 'AHBIENT E FIELDS ARE PRINTED OUT' 













C CALCULATE AHBIENT E FIELDS 
C INPUT VARIABLES 
C CL=LEADER LENGTH ELAHBDI=LEADER CHARGE DENSITY 
C BDF=BREAK DOWN FIELD EK=1/4PIEpso NL=LEADER t 
C DZ=Z CELL HEIGHT DX=X CELL UIDTH ' 
C NE=# FREE ELECTRONS ED=ELECTRON DENSITY (.2/ott3) 
C Q=HAX ALLOWABLE ANGLE BTW EFIELD t DIRECTION VECTORS 
C 
CALL EGRID 
DATA CLrELAtlBDArBDF/SOr r .001~1*5E5/ 









C INITIALIZE LEADER PROPAGATION 
C INPUT DATk: Rlr ANBIENT E FIELD, U1 







C DEFINE UNIT VECTOR 
UX=FEX(IC)/ETOT 












DETERHINE CELL POSITION OF NEU LEADER SEGHENT TIP OH OVERLAY 
USE APPROPRIATE AHBIENT E FIELD HAGNITUDE AND DIRECTION 
























EFAXE=SQRT (FEX (K) tt2tFEZ (K) tt2) 
C 
C TERHINATE IF 
C 
C 
LEADER HAS PROPAGATED OUTSIDE THE GRID 
LEADER ENTERS INTO CHARGED REGION 
C LEADER ENTERING CELL UITH AH AHBIENT FIELD LT l*SH V/N 
I F ( K . L T ~ l ~ O R ~ K ~ G T ~ K T O T ~ O R ~  
t RX*LT*O*OR,RX~GTtXTOT)GOTO 3000 
C 
URITE(3rS)'LEADER SEGHENT NUHEER 'rNL 
URITE(3rt)'CELL NUHBER 'rKr' (XrZ) COORD'rKXsKZ 
WRITE(3rt)'TOT E FIELD Wm'rETOTs' AHB E FIELD 'rEFAnB 
URITE(3rt)'AHE EX 'rFEX(K)r' AHB EZ ' rFEZ(K ) 
WRITE(3r1)'X met* from OsO'rRXr' Z met. from 010 'rRZ 
URITE(3rt)' 
PRINTtr 'LEADER SEGHENT NUHEER 'rNL 
PRINT*, 'CELL NUHEER '~KI' (XrZ) COORD'sKXsKZ 
PRINT%* 'TOT E FIELD V/r'rETOTr' AHB E FIELD 'rEFAHB 
PRINTtr 'AHE EX 'rFEX(K)r' AHB EZ ' sf EZ(K) 








DO 111 II=l,NC 














SHORTEST TIHE OF ELECTRON TO FORH IONIZATION CHANNEL 
THIS TIHE DETERnINES DIRECTION OF NEY LEADER SEGMENT 
THIN=l.E20 
USE HONTE CARLO HETHOD TO GENERATE RANDOH FREE ELEETRONS 
CALCULATE ELECTRON POSITIONS NEAR LEADER TIP 
DO 100 I=lrNE 





























































A~l=SQRT(AXf l lX t2 tAYf l l i :Z tAZf l l t t2 )  
fF(Afll*LT,l*E-6)GOTO 100 













t ( (UYHltASnl-AYHltBf l l ) /Af l l ) )  
t ( ( U Z f l l t A S f l l - A Z f l l t B f l l ) / A f l l ) )  
C 




DL=(RflXtEXtRflYtEYtRflZt€Z) / (RH~T) 
ET=SQRT(EXtt2tEYtt2tEZtt?)+,Ol 
C 
C CHOOSE APPROPRIATE ELECTRON TO FORH IONIZED CHANMEL 
C TO THE LEADER TIP IN THE SHORTEST TIHE 






























































GO TO 2000 
IF(K*LT+l*OR*K.GT*KTOT*OR* 
RX*LT*O*OR*RX.GT+XTOT)THEN 
PRINTti 'LEADER OUT OF BOUNDS' 
URITE(3rt)'LEADER OUT OF BOUNDS' 
END IF 
IF( EFAHB LTdDF ) THEN 
PRINT89 'LEADER ENTERED REGION LT BREAK DO"' 
URITE(3,t)'LEADER ENTERED REGION LT BREAK DOUN' 
END IF 
DO 112 IIsliNC 
PRINT49 'LEADER ENTERED CHARGED REGION' 









C RANDOH NUHEER GENERATOR 
C 























































DO 10 JXlrNCELZ 







































DO 555 ISlrNC 
FEX(NCK(I))=FEX(NCK(I)-l) 
FEZ(NCK(I))=FEZ(NCK(I)-l) 
IF (NC.EQ.O)GOTO 25 
555 CONTINUE 
25 DO 26 KZlrK1 
URITE(4rt)K,FEX(K)rFnorX(K),Z(K)rZ(K) 
26 CONTINUE 
CLOSE ( 4 ) 
RETURN 
END 
A-2 1 
